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Abstract
Gray molasses is a powerful tool for sub-Doppler laser cooling of atoms to low temperatures. For
alkaline atoms, this technique is commonly implemented with cooling lasers which are blue-detuned
from either the D1 or D2 line. Here we show that efﬁcient gray molasses can be implemented on the
D2 line of
40K with red-detuned lasers. We obtained temperatures of N( )48 2 K, which enables direct
loading of q( )9.2 3 106 atoms from a magneto-optical trap into an optical dipole trap. We support
our ﬁndings by a one-dimensional model and three-dimensional numerical simulations of the optical
Bloch equations which qualitatively reproduce the experimentally observed cooling effects.
Keywords: atomic physics, gray molasses, laser cooling, ultracold atoms, sub-Doppler cooling
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1. Introduction
Ultracold quantum gases have attracted much interest in
recent years, and have become a versatile tool to investigate
strongly interacting and strongly correlated quantum systems
[1]. Cooling of an atomic gas to ultralow temperatures
requires a multi-stage cooling process, which starts with a
laser cooling phase in a magneto-optical trap (MOT), fol-
lowed by evaporative cooling in magnetic or optical traps.
Directly after collecting atoms in a MOT, lower temperatures
and a higher phase space density can be achieved by sub-
Doppler laser cooling techniques [2]. A ‘standard’ red-
detuned optical molasses allows the heavier alkaline atoms
Rb and Cs to be cooled well below the Doppler limit. It relies
on a Sisyphus-like cooling effect in which atoms climb
potential hills created by polarization or intensity gradients,
thereby losing kinetic energy before being optically pumped
to a lower energy level. In the case of Li and K, the only
alkalines with stable fermionic isotopes, polarization gradient
cooling in a standard optical molasses is less efﬁcient because
the smaller excited state hyperﬁne splitting leads to a higher
excitation probability of transitions other than the ones used
for cooling. Nonetheless, sub-Doppler temperatures were
achieved for K [3–6] and Li [7] at low atom densities using a
red-detuned optical molasses. In most experimental setups,
the MOT uses light near-red detuned to the l a  F F F 1
cycling transition of the D2 ( lnS nP1 2 3 2) line (n is the
principal quantum number). It was also shown that Doppler
cooling on the narrower linewidth l ( )nS n P11 2 3 2
transition can achieve low temperature at high density in 6Li
[8, 9] and 40K [10], but this technique requires lasers in the
ultraviolet or blue wavelength range.
Gray molasses is another powerful method for sub-Dop-
pler laser cooling to high densities and low temperatures
[11, 12], and it relies on the presence of bright and dark states.
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A spatially varying light shift of the bright states allows
moving atoms to undergo a Sisyphus-like cooling effect [2], in
a way that hot atoms are transferred from a dark to a bright
state at a potential minimum of the bright state and back again
into a dark state at a potential maximum. The coupling between
the dark and bright states is velocity-selective, such that the
coldest atoms are trapped in the dark states with substantially
reduced interaction with the light ﬁeld. Most early experiments
using gray molasses created Zeeman dark states by using
circularly polarized light on l a F F F [13, 14] or
l a  F F F 1 transitions [15–17] within the D2 line, and
blue-detuned lasers so that the energy of bright states lay above
those of the dark states. In those experiments with Rb and Cs,
the large hyperﬁne splitting in the P3 2 states allows a large
detuning of the gray molasses laser from the other transitions
(in particular from the MOT l a F F 1 cycling transition)
such that the gray molasses provides the dominant light-scat-
tering process. In contrast, the poorly-resolved P3 2 states in Li
and K increase the probability of undergoing transitions on the
MOT cycling transition, which was thought to limit the
effectiveness of the gray molasses. Efﬁcient implementations
of gray molasses with 39K [18–20], 40K [21, 22], 6Li [22, 23]
and 7Li [24] have therefore used transitions of the D1 line
( lnS nP1 2 1 2 transitions), requiring the use of additional
lasers. In some of these experiments, cooling was found to be
enhanced at a Raman resonance between the cooling and
repumping light ﬁelds [18, 22, 24]. This Λ conﬁguration cre-
ates additional, coherent dark states, as in velocity-selective
coherent population trapping schemes [25, 26].
In this work, we demonstrate that such Raman dark states
can be utilized for cooling of 40K to high atom densities in a
red-detuned gray molasses using only light at a frequency
close to the l a  F F F 1 transition on the D2 line. In
contrast to the D1-line or narrow-line cooling schemes, our
scheme requires minimal experimental overhead, because the
lasers are the same as the ones used for the MOT. Our paper is
structured as follows. Firstly, we model the gray molasses by
computing the energy levels and photon scattering rates of
bright and dark states by numerical solution of the optical
Bloch equations. We present experimental evidence that our
method reaches sub-Doppler temperatures and efﬁciently
loads atoms into an optical dipole trap (ODT). We analyze
our results using a semi-classical Monte Carlo simulation and
ﬁnd qualitative agreement with our experimental data.
2. 1D model of red-detuned gray molasses
In our one-dimensional model of the gray molasses, we con-
sidered 40K atoms moving in a light ﬁeld consisting of counter-
propagating beams in ?lin lin conﬁguration [2]. This results in
constant light intensity and a polarization gradient (ﬁgure 1(a)),
which periodically varies from pure circular to pure linear
polarization over a spatial period of half a wavelength. Each
molasses beam consists of a strong cooling beam (  s I I 3s )
and a weaker (s = 0.17) repumper beam. Here, I is the light
intensity,  I 1.75 mW cms 2 is the saturation intensity of the
transition and Q(  q2 6.035 MHz is the natural linewidth of
the D2 line. The cooling light is red-detuned by %   (12.3
from the  l a F F9 2 9 2 transition and the repumper
light is detuned by E%  from the  l a F F7 2 9 2
transition (see level scheme in ﬁgure 1(d)).
Using the method outlined in [22], we calculated eigen-
states and light shifts, ò, of the dressed states (see appendix),
and the photon scattering rate γ for each of the states. The
eigenstates correspond to the bare mF states at positions of
pure T  polarization (ﬁgure 1(b)) and for arbitrary polar-
ization, they are predominantly superpositions of the mF
states within a speciﬁc F manifold. The eigenstates can be
grouped into dark states (H _ 0 at all positions) and bright
states (H  0 at all positions). The dark states are pre-
dominantly superpositions of the mF states from the F 7 2
manifold, and the bright states are superpositions of mF states
predominantly from the F 9 2 manifolds with small
admixtures of states from the a F 11 2 manifold. The
energy of the bright states is spatially varying (blue curves in
ﬁgure 1(b)) with the dominant light-shift contribution from
the  l a F F9 2 11 2 transition, while the light shifts
of the dark eigenstates have negligible spatial variation (green
curves in ﬁgure 1(b)). For negative two-photon detuning
(E  0), the energy of the dark states is below the bright states
(ﬁgure 1(b)), and above for positive detunings.
We calculated the optical pumping rate, H
D
, which is the
rate at which an atom scatters a photon and returns to a dif-
ferent state (see appendix), at each point in space by num-
erical solution of the optical Bloch equations [22]. Atoms are
preferentially depumped from the bright states at positions of
pure linear polarization (ﬁgure 1(c)), which occurs at the
potential maxima of the lowest-lying bright state. The prob-
ability of motional coupling is largest when the energy dif-
ference between bright and dark states is smallest [27]. By
choosing δ such that the dark states have lower energy than all
the bright states (in our case E   (0.17 ), we ensure that
motional coupling is strongest between the dark state and
lowest-energy bright state at the potential minima.
It is critical for our scheme that the bright states belong
mostly to the F 9 2 manifold and the dark states to the
F 7 2 manifold, with smaller F. Only in this case it is
possible that the energetically lowest bright state experiences
the strongest light shift (at Mz 8) while its depumping rate
to the dark states is actually lowest. The main component of
this bright state at Mz 8 is from the stretched
 F m9 2, 9 2F state whose scattering rate is highest. At
this position the light polarization is circular, and the state is
coupled predominantly to the a  F m11 2, 11 2F exci-
ted state, from which the atom can decay only into the bright
state manifold and not into a dark state.
3. Experiment
The experimental setup relevant for this study is a part of our
fermionic quantum-gas microscope [28] and the cooling tech-
nique presented here is used to load atoms from a MOT into a
crossed ODT, see ﬁgure 2. Our MOT consists of three pairs of
counter-propagating circularly polarized beams containing both
2
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cooling and repumping frequencies with the same polarization.
The laser light at a wavelength of 767.7 nm for the cooling and
repumper transitions is generated using two diode lasers with
tapered ampliﬁers. Both lasers are offset-locked relative to a
common master laser which is stabilized using saturated
absorption spectroscopy in a vapor cell containing 39K. The six
MOT beams each have 30 mm diameter and powers of up to
18 mW (cooling laser) and 0.7 mW (repumper). Cooling and
repumper laser detunings are %   (4.6c and %   (4.2r ,
where %c is the detuning from the  l a F F9 2 11 2
transition and %r is the detuning from the  lF 7 2
a F 9 2 transition (see level scheme in ﬁgure 1(d)). We
loaded 40K emanating from a 2D-MOT into the MOT for 4 s
and collected up to q1.3 108 atoms. The atom cloud was then
compressed for 10 ms by changing the detunings to
%   (1.8c and%   (10.6r . All lasers and the magnetic-
ﬁeld gradient were then switched off and we waited for 1.5 ms
to allow for eddy currents in the system to decay.
For the subsequent gray molasses phase, cooling and
repumper light were switched back on with powers of17.7 mW
and 0.1 mW, respectively, for a duration of 9 ms. The detunings
of cooling and repumper beams were set such that they are now
Figure 1. Cooling mechanism in 1D ?lin lin red-detuned gray molasses (E   (0.17 ). (a) Variation of polarization with position z over the
period of the standing wave. (b) Energies, ò, of the dressed states which group in families of bright (blue) and dark states (green). An atom
(red circle) in a dark state moving alongz most efﬁciently couples to a bright state at Mz 8. The atom undergoes Sisyphus-like cooling
by traveling to an increased potential energy before an absorption followed by a spontaneous emission event returns it to a dark state at
Mz 4. (c) Optical pumping rate H
D
, showing the dark states and the bright states corresponding to   m 9 2, 7 2, 3 2, and 1 2F at
positions of T polarization (others omitted for clarity). The most likely pumping to dark states occurs at Mz 4. (d) Atomic level scheme
of then 40K D2 line together with the relevant laser ﬁelds and detunings for MOT operation (left) and gray molasses cooling (right). Cooling
light and repumping light are at frequencies Xc and Xr , respectively.
Figure 2. Beam conﬁguration in our experimental setup. Three pairs
of counterpropating beams (red arrows) in T T  conﬁguration
provide light to laser cool atoms in the MOT region (green ball). The
same lasers are also used for gray molasses cooling. Atoms are
loaded into an ODT, which is formed by two laser beams (yellow)
intersecting at a n17 angle. Coils which provide the magnetic ﬁeld for
the MOT are shown in gray.
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close to the Raman resonance with single-photon Raman
detuning %  ( 13 . We varied the two-photon detuning δ
and measured the temperature, T, of the atoms by time-of-ﬂight
absorption imaging (red squares in ﬁgure 3(a)). We found a
Fano-like proﬁle with a minimum of N ( )T 80 1 K at
E   (0.5 (where the number in parentheses denotes the 1σ
uncertainty of the last digits). The maximum density of the free
atom cloud, na, after gray molasses cooling was  q( )n 1.4 1a
10 cm10 3 at the same detuning that yielded the lowest temp-
erature (red datapoints in ﬁgure 3(b)). At this optimal two-
photon detuning, atom losses during the molasses phase are
negligible, whereas for higher temperatures a signiﬁcant num-
ber of atoms was lost from the molasses.
We then loaded the atoms into an ODT, which is created
by two 100 W laser beams from a multimode ﬁber laser at
1070 nm wavelength. The Gaussian beams have orthogonal
linear polarization, are focused to a N300 m 1/e2 beam waist
and intersect at an angle of n17 at the center of the MOT,
creating a trap of N180 K depth. The ODT is switched on at
full power just after the compression phase. Using the
experimental procedure as described above, we loaded up to
 q( )N 6.2 3 10ODT 6 atoms into the ODT (ﬁgure 3(c)). The
atom number was measured using absorption imaging after
time-of-ﬂight. The maximum atom number was found at the
two-photon detuning which yielded the lowest temperatures
and highest densities in free space.
In a second step, we investigated how the density chan-
ged as a function of the detuning from the excited state, Δ
(ﬁgure 4(a)). For each value of Δ, we optimized the temp-
erature and density by varying δ to account for changes in
light shifts and small uncertainties in the offset lock calibra-
tion. We found that by moving farther away from resonance,
both the temperature and density are reduced. While the
reduction in temperature is desirable, the reduction in density
reduces the loading efﬁciency into the ODT. In order to
achieve both lower temperatures and higher densities, we
ramped both Δ and δ during the molasses phase. We found
that optimal loading was achieved by ramping Δ from
 (10.8 to  (20.3 and δ from  (0.81 to  (0.56 over a
duration of 6 ms followed by an additional hold time of 3 ms,
leading to temperatures of N( )48 2 K (blue circles in
ﬁgure 3(a)). The temperatures reported here are clearly in the
sub-Doppler regime, and lower than the temperatures of
N63 K achieved with the UV MOT [10], but larger than the
Figure 3. Experimental demonstration of D2-line gray molasses
cooling. Dependence of (a) temperature, T, (b) free space atomic
density, na, and (c) number of atoms, NODT, loaded into the optical
dipole trap as a function of two-photon detuning, δ, for ﬁxed
detuning Δ, (red squares) and for the optimized loading sequence
using a time-varying Δ (blue circles). The error bars are ﬁt errors,
and the dotted lines are to guide the eye.
Figure 4. Optimization of gray-molasses cooling. (a) Temperature T
(blue circles) and free space atomic density, na (purple diamonds), as
a function of the one-photon Raman detuning Δ after 6 ms of gray
molasses cooling. (b) Temperature T (red circles) and atom number
loaded into the ODT NODT (green diamonds) a function of the
molasses duration.
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lowest temperatures of N11 K obtained with D1-line gray
molasses cooling [22].
When varying the duration of the gray molasses phase
(ﬁgure 4(b)), we found the decrease in temperature occurred
during the ﬁrst 2 ms before a steady state was reached,
whereas the number of atoms in the dipole trap kept
increasing and saturated after about 5 ms of cooling. We
could load up to  q( )N 9.2 3 10ODT 6 atoms into the ODT,
which corresponds to 7% of the initial atom number in the
molasses. This value is limited by the volume overlap of the
ODT and the molasses and it could in principle be increased
by using more laser power for the ODT, which would allow
us either increase the trap depth or use larger beam diameters
for the same trap depth.
Our one-dimensional model can also explain the heating
seen for E  0. At this detuning, the energy of the dark states
is higher than the energy of the bright states, and motional
coupling occurs preferentially to the most energetic bright
state at the potential maxima. The atom will proceed to a
lower potential before absorption and spontaneous emission
pumps it to the dark state, at which point it will have gained
kinetic energy. This process is the inverse of Sisyphus
cooling.
4. 3D numerical simulation
To quantitatively model the cooling effect in our experimental
setup, we have performed a three-dimensional numerical
simulation using the same semi-classical Monte-Carlo
wavefunction method detailed in [22]. As in the experiment,
the light ﬁeld in the simulation consists of three orthogonal
pairs of counter-propagating laser beams in T T  conﬁg-
uration, which results in both polarization and intensity gra-
dients. Our simulation computes the coherent evolution of all
of an atom’s classical external states and its internal quantum
states in timesteps of N1 s as it travels through the light ﬁeld
for a total simulation time of 10 ms. The internal states
coherently evolve as governed by the optical Bloch equations
until a randomly generated photon absorption and subsequent
emission event, at which point the state is projected onto one
of the ground state eigenstates. The classical external states
are updated at instances of photon absorption and emission,
which cause a momentum kick, but also continuously via a
force proportional to the expectation value of the Hamilto-
nian. Each atom originates at the center of intersection of the
three pairs of laser beams. If it travels more than 15mm ( e1 2
radius of our beams) from this point, in any direction, the
atom is considered to have been lost.
We ran these simulations for 10 ms duration at
%   (12.3 and varied the values of the two-photon
detuning, δ, for a ﬁxed initial velocity of v = 0.7 m s–1
corresponding to a temperature of NT 800 K using the




2 . The temperature
extracted using the ﬁnal velocity distribution and the equi-
partition theorem (ﬁgure 5(a)) as a function of δ shows a
dependence very similar to the experimental data presented in
ﬁgure 3. Far away from the two-photon resonance, the
temperature of the atoms reached N( )180 67 K, close to the
Doppler temperature of N145 K. For E   (0.4 and E  0,
we simulated the time-evolution of an ensemble of atoms with
an initial non-thermal distribution of velocities between 0.3
and 1.1 m s–1. At E   (0.4 the ﬁnal velocity distribution is
ﬁt with a Maxwell-Boltzmann distribution (with temperature
as the only free parameter) which yields N ( )T 29 1 K,
which indicates cooling and thermalization (ﬁgure 5(b)). On
two-photon resonance, (E  0), poor cooling and no ther-
malization was observed and the corresponding temperature
was N( )460 60 K. The simulation results are in accordance
with both the experimental data and one-dimensional model,
and we observe efﬁcient cooling when the dark states are
tuned below the bright states (now E   (0.4 due to the
increased light-shift from the additional beams).
5. Summary and Conclusions
In summary we have presented a method to realize efﬁcient
gray molasses cooling using red-detuned lasers on the D2 line
Figure 5. Semi-classical Monte-Carlo simulations of cooling in a 3D
optical molasses. (a) Dependence of temperature T versus two-
photon detuning δ resulting from the numerical simulations. The
highlighted red and blue data points are calculated from the velocity
distributions shown in (b). (b) An initial non-thermal velocity
distribution (green diamonds) is narrowed by Raman gray molasses
cooling at E   (0.4 (red circles). The red line is a ﬁt with a
Maxwell-Boltzmann distribution yielding N ( )T 29 1 K. For E  0
(blue squares), the velocity distribution broadens, and is not well
described by a Maxwell-Boltzmann distribution (blue line).
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of fermionic 40K. A key advantage of our technique that is
uses the same lasers as for the MOT and it does not require
additional lasers near the D1 line. Starting from a MOT, we
could reduce the temperature of the atom cloud and increase
the phase-space density, such that we loaded q( )9.2 3 106
atoms into an ODT. Our technique can be used for an efﬁcient
production of degenerate Fermi gases of 40K, or larger
number of cold atoms in multi-species experiments.
The data and code used in this work may be found in [29].
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Appendix. 1D gray molasses modeling
In our one-dimensional model of the gray molasses cooling
(which follows the methods of [22]), we consider a stationary
atom at position z within a 1D ?lin lin bichromatic optical
molasses, consisting of both cooling and repumper fre-
quencies. The cooling and repumper light ﬁeld is decomposed
into T and T polarizations for each beam, with quantization
axis along z.
We ﬁnd the energy eigenvalues of the dressed states
(eigenstates) of the atom in the light-ﬁeld by diagonalizing the
Hamiltonian
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is the Hamiltonian of the free atom, and E aFhfs, the hyperﬁne
splitting of the excited state (E a 0Fhfs, for a F 11 2).
The light-atom coupling Hamiltonian is
  8
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H c z
F m F m h c, , . . , A.3
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F m F m
F m F m F
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where 8 T ( )zF, are the position-dependent Rabi frequencies
and T a acF m F m, , , the relevant Clebsch-Gordan coefﬁcients for
the transitions. The off-resonant coupling between the cooling
(repumper) laser and atoms in the F 7 2 ( F 9 2)
ground state was neglected due to the large hyperﬁne splitting
of the ground states.
The total scattering rate, γ, of each eigenstate at each
position is the natural linewidth multiplied by the excited-
state fraction of that eigenstate. The optical pumping rate H
D
is
the total scattering rate minus the rate at which the atom
undergoes an absorption and emission cycle and returns to the
same eigenstate (elastic scattering).
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